Introduction
Sensitive detection of biomarkers is essential for the development of effective diagnostic tools. Electrochemical biosensing platforms have the unique ability to convert biological events, including protein or ligand binding and DNA or RNA hybridization, directly into electronic signals, making them ideal tools for point-of-care diagnostics. [1] [2] [3] [4] [5] [6] [7] The ability of DNA to conduct charge, and more specifically, the sensitivity of DNA charge transport (DNA CT) to structural perturbations of the double helix, provides a robust signaling mechanism for DNA-modified electrode-based biosensing. 8 Exploiting DNA CT, we have developed highly sensitive electrochemical assays for nucleic acids and protein-DNA binding. [9] [10] [11] [12] [13] [14] Typically, DNA-modified surfaces are prepared through self-assembly of thiolated DNA duplexes on gold to form high-density monolayers. While straightforward to fabricate, these films pose challenges for the detection of very large proteins, proteins that target specific sequences of DNA, and hybridization/dehybridization events, owing to the limited accessibility to individual helices within the close-packed structure of the monolayer. 15, 16 Although some control over the surface density is possible by adjusting the ionic strength of the deposition solution with magnesium ions, the range of attainable DNA surface coverages is narrow (~ 30 -50 pmol/cm 2 ). [17] [18] [19] [20] Moreover, this method does not allow for control over the dispersion of DNA helices within the film; recent imaging studies have revealed that thiol-modified DNA forms a heterogeneous monolayer when combined with a passivating agent such as mercaptohexanol. In such films, the DNA helices cluster into exceedingly large domains of very high density within a sea of passivating thiol. 21, 22 This extensive clustering of helices is especially problematic for biomolecule detection because it leads to variability across the electrode surface, with regions of close-packed helices in which access to specific base sequences may be inhibited.
The structural similarity of the components of a mixed monolayer-forming solution is a major determining factor for the degree of homogeneity within the resulting self-assembled monolayer (SAM). [23] [24] [25] [26] [27] [28] [29] Thus an alternative approach to a low-density DNA film is to prepare a homogeneous mixed SAM without DNA, followed by DNA conjugation to the functionalized mixed monolayer. Previous work by Chidsey and coworkers involved the preliminary formation of a mixed alkylthiol monolayer on gold containing azide-terminated thiols, followed by copper-catalyzed click chemistry to tether single-stranded oligonucleotides to gold surfaces. While copper-catalyzed click chemistry is efficient, 30 conventional copper(I) catalysts can damage DNA and are difficult to remove after the reaction has occurred.
In this work, we employ a catalyst-free method of DNA conjugation to a mixed monolayer that capitalizes on ring strain to drive the [3+2] cycloaddition. 31, 32 We first form a mixed azide-alcohol-terminated monolayer, then add cyclooctyne-labeled DNA, which, due to ring strain, spontaneously couples specifically to the azide. Because the loading and distribution of DNA are pre-fixed by the composition of the underlying monolayer, this labeling method enables very low surface concentrations of DNA to be evenly dispersed across the electrode, as verified by AFM imaging, and provides a significantly larger surface area-to-volume ratio for the DNA, increasing the accessibility of analyte in solution to individual helices. These low-density monolayers display all of the characteristics of DNA-mediated electrochemistry, including sensitivity to mismatches and π-stack perturbations. Furthermore, the enhanced sensitivity of these monolayers to protein binding (as compared to conventional DNA-modified electrodes) makes them attractive platforms for biomolecule detection. 
Materials and Methods

Synthesis of NHS Ester Activated Cyclooctyne
9,9-Dibromobicyclo-[6.1.0]nonane was synthesized according to the procedure by Skattebøl et al. 33 The cyclooctyne was synthesized as described by Agard et al. 27 Cyclooctyne (OCT) was prepared for coupling to DNA by NHS ester activation. 5 mg (0.019 mmol) of OCT was combined with 7 mg (0.034 mmol) N,N'dicyclohexylcarbodiimide and 3.7 mg (0.033 mmol) N-hydroxysuccinimide in 1 mL anhydrous DMF. The reaction was stirred for 1.5 h, followed by solvent removal under reduced pressure.
Oligonucleotide Synthesis and Purification
Oligonucleotides were synthesized on an Applied Biosystems 3400 DNA synthesizer. Terminal modifications incorporated into the 5' end of one of the strands were either a C6 S-S thiol linker or a C3 amine linker, purchased from Glen Research.
Complementary unmodified strands were also synthesized. Each oligonucleotide was purified by high-performance liquid chromatography (HPLC) using a gradient of acetonitrile and 50 mM ammonium acetate. Preparation of all of the oligonucleotides followed a reported protocol. 34 Following purification, oligonucleotides were desalted by ethanol precipitation and quantified using ultraviolet-visible spectrophotometry based on their extinction coefficients at 260 nm (IDT Oligo Analyzer). The following sequences were prepared: well matched: 5'-NH 3 -(CH 2 ) 3 -GCT CAG TAC GAC GTC GA-3' with its unmodified complement, a mismatch-containing sequence with a CA mismatch at the 9 th base pair, and a TBP-binding sequence: 5'-NH 3 -(CH 2 ) 3 -GGC GTC TAT AAA GCG ATC GCG A-3' with its unmodified complement. DNA to be coupled to OCT was synthesized with a 5'-terminal C3 amino-modifier. The DNA was cleaved from solid support, deprotected, and HPLC-purified as previously described. The OCT-NHS ester was suspended in 20 uL of dry DMSO in preparation for coupling to DNA. Following desalting, the oligonucleotides were suspended in 100 µL of 0.5 M NaHCO 3 /Na 2 CO 3 buffer (pH 8.75) and the OCT-ester in DMSO was added to the oligonucleotides. The reaction was stirred for 24 h, followed by a final round of HPLC purification. The formation of the desired product was confirmed by a significant shift in the HPLC retention time and MALDI-TOF analysis of the product. MALDI-TOF: calc: 5592.1 obs: 5589.08. DNA duplexes were formed by thermally annealing equimolar amounts of singlestranded oligonucleotides in deoxygenated phosphate buffer (5mM phosphate, 50 mM NaCl, pH 7.0) at 90° C for 5 minutes followed by slowly cooling to 25° C.
AFM Measurements
Silicon AFM tips (Nanosensors TM AdvancedTEC TM ) with a force constant of 0.2 N were first chemically modified by vapor deposition of a 10-nm layer of gold using a CVC Metal Physical Evaporator Deposition system, followed by soaking in a 10 mM solution of hexanethiol in ethanol for 1 h. Modified tips were thoroughly rinsed with 200-proof ethyl alcohol before use.
Scanning probe microscopy (SPM) images were acquired with a MultiMode Scanning Probe Microscope (Digital Instruments). DNA-modified surfaces were mounted on the SPM, and all images were collected with contact mode in phosphate buffer (50 mM, pH 7.0) at ambient temperature. To obtain height measurements of the monolayers, a voltage of 10 V was applied to the tip, which was scanned repetitively over a 1 µm square area to physically remove the adsorbed monolayer. A portion of the mixed monolayer was removed, followed by measuring the depth profile of the hole produced.
Holes were formed on several independent surfaces, and the height profiles of ten different holes were measured (Figure 2 The image shown is obtained in phosphate buffer (5 mM phosphate, 50 mM NaCl, pH 7.0) with a chemically-modified AFM tip. A hole is formed through the application of a force to the AFM tip in contact mode. When a force is no longer applied to the tip, the depth of the resulting hole is measured. When averaged over many measurements, the height of the monolayer is determined to be 3.5 nm.
Preparation of DNA-Modified Electrodes and AFM Surfaces
Stationary gold electrodes (1.6-mm diameter, BASi) and rotating disk electrodes, RDEs (5-mm diameter, Pine Instruments), were prepared for DNA monolayer formation by polishing with 0.05 µm alumina, followed by electrochemical cycling in 0. Monolayers featuring DNA-OCT were prepared using a two-step process. An initial mixed monolayer of mercaptoethanol (MCE) as the passivating agent and 6-Azido-1-hexanethiol ("thiol-azide") was formed by soaking the electrodes in an ethanol solution containing 1 mM MCE and 0.25 mM azide for 24 hours to form a monolayer composed of 20% azide. After washing with 5 mM phosphate buffer (pH 7.0), 10 µL of 50 µM DNA-OCT hybridized to its complement was deposited onto the electrode or gold AFM surface (Novascan), where the conjugation reaction was allowed to proceed for 24 hours before washing with phosphate buffer. The average DNA domain size of 25 nm was determined by measuring 15 islands on three different images, each 1 square micron in size.
Electrochemical Measurements
Electrochemical measurements were performed with a CH760B Electrochemical Analyzer (CH Instruments) using a AgCl/Ag reference electrode and Pt-wire counter electrode. Electrochemical measurements were recorded in the dark at ambient were therefore carried out with concentrations of daunomycin at 2 µM, above the saturation limit for DNA intercalation but well below the binding concentration to the mixed-monolayer surface.
TBP Binding Measurements
TATA-Binding Protein (TBP) was purchased from ProteinOne and stored at -80° C until use. MicroBiospin 6 columns (BioRad) were used to exchange the shipping buffer for Tris buffer (10 mM Tris, 100 mM KCl, 2.5 mM MgCl 2 , 1 mM CaCl 2 , pH 7.6).
Prior to electrochemical measurements with TBP, electrodes were incubated with 1 µM Bovine serum albumin (BSA) for 30 min, followed by rinsing with Tris buffer. BSA binds non-specifically to modified electrodes, which acts to coat any regions where such non-specific binding could occur before the addition of TBP. Electrodes were scanned in the dark in deoxygenated Tris buffer (10 mM Tris, 100 mM KCl, 2.5 mM MgCl 2 , 1 mM CaCl 2 , pH 7.6) with 2 µM daunomycin and, unless otherwise noted, 150 nM TBP. In the case of RDEs, unless otherwise noted, electrodes were rotated at 400 rpm.
Results and Discussion
Formation of Low-Density Monolayers by Copper-Free Click Chemistry
Conventional DNA-modified electrodes are prepared by self-assembling thiolmodified DNA duplexes onto gold, followed by backfilling with an alkylthiol to passivate any remaining exposed surface. This method leaves little room for control over the density and spacing of the DNA molecules. 21, 22 Instead, we have labeled DNA with a cyclooctyne moiety (OCT) tethered to the 5' phosphate backbone (Figure 2 (Below) A preliminary mixed monolayer of alcoholand azide-terminated thiols is assembled on a gold surface. OCT-modified DNA is subsequently added and allowed to react with the azides to form a covalently tethered low-density DNA monolayer on gold.
Monolayer Characterization through AFM Imaging
OCT-DNA monolayers were examined by atomic force microscopy (AFM) under fluid conditions to visualize the DNA surface coverage and distribution of individual helices within the film. Previous AFM work on high-density monolayers revealed that DNA adheres to standard AFM tips, leading to disturbance of the DNA monolayer when the instrument is in contact mode. 18, 21, 22 We therefore employed tips modified with a hydrophobic film (mercaptohexane), which diminishes interactions with both the buffer and the negatively charged DNA on the surface. 18 In contrast to low-density thiolated DNA monolayers, which show images consistent with quite densely packed monolayers, 21 images of OCT-DNA films on a 20% azide monolayer reveal no large-domain clustering (Figure 2.4) . Notably, the images do show some monolayer stratification, consistent with extremely small clusters of DNA that are remarkably uniform in size and shape. Indeed, these mini-clusters likely indicate some sequestration of azide-thiol reagents in the underlying monolayer, presumably a result of small chain-length differences between the passivating molecules and the azidecontaining thiols. While longer alcohol-terminated thiols were tested in an attempt to form a more evenly-dispersed mixed monolayer, DNA coupling efficiencies were extremely low for 3, 4, 5, and 6-carbon alcohol-terminated thiols, likely due to the size of the cyclooctyne. The height of these low-density DNA monolayers was also measured by AFM;
we previously reported a film depth for densely packed 15-base-pair duplexes on gold of ~4.5 nm. 18 Analogous films prepared from OCT-DNA yield an average film height of ~3.5 nm ± 0.5 nm, consistent with a monolayer composed of a mixture of taller DNA mini-clusters and shorter underlying passivating agent (Figure 2 Significantly, this implies that ~1/3 of the duplexes in the film have a solution-exposed edge, meaning that a much greater portion of DNA in these monolayers is directly accessible to analytes in solution as compared to films in which the DNA helices are closely packed into large islands.
Electrochemical Monolayer Characterization
OCT-DNA monolayers (5% -90% azide in the underlying film) were also examined using electrochemical assays. For 20% azide films, the total surface coverage of DNA, G DNA , was measured based on the electrochemical response of Ru(NH 3 ) 6 3+ electrostatically bound to the DNA. 20, 36, 37 20% azide films that featured fully Watson- 
Electrochemistry of TBP Binding
To test whether the enhanced solution accessibility of DNA helices in OCT-DNA films allows for improved protein detection, we investigated the binding of TATAbinding protein, TBP. The electrochemistry of DM at OCT-DNA films with 20%, 50%
and 90% azide, as well as conventional low-and high-density films in which the individual helices contained a TATA sequence, were examined in the presence of TBP.
TBP, a subunit of the TFIID transcription factor in eukaryotes, kinks DNA (80°) when bound to its TATA target sequence and has been shown to attenuate DNA CT on DNAmodified electrodes. 11, 13, 41, 42 Before incubation with TBP, monolayers were incubated with BSA, a non-DNA binding protein. This protein adheres non-specifically to the electrode surfaces, ensuring that electrochemical changes after TBP addition are due to the specific binding of TBP to DNA. Shown is the percent signal decrease from the DNA-mediated electrochemical signal obtained from daunomycin for TBP binding to DNA in an OCT-DNA monolayer (blue) and a high-density thiol monolayer (red) after addition of 75 nM TBP. Percent signal decreases are calculated from the quantification of the area of the anodic peak of a CV obtained for the signal before and after TBP addition at a scan rate of 100 mV/s in Tris buffer (10 mM Tris, 100 mM KCl, 2.5 mM MgCl 2 , 1 mM CaCl 2 , pH 7.6). Error bars are given for the standard deviation from three replicates.
No significant change in electrochemical signal was observed with either the well-matched sequence or the TBP-binding sequence after BSA incubation. After subsequent incubation with TBP, the presence of 150 nM protein causes a signal decrease of 75% at OCT-DNA films (20% azide), compared to a decrease of only 6% at highdensity monolayers (Figures 2.8, 2.9) . The preliminary addition of BSA ensures that ensuing signal decreases upon TBP addition are due to the specific binding of the protein.
To further confirm that the signal decrease was due to a loss of DNA CT caused by TBP binding and subsequent kinking of the DNA, we measured the Ru(NH 3 In red is the surface coverage determined from the DNA-mediated electrochemical signal obtained from daunomycin for the TBP binding DNA sequence before and after the addition of 75 nM TBP. In blue is the surface coverage determined from the electrochemical signal of ruthenium hexammine, which electrostatically interacts with the phosphates in the DNA and does not report on helix integrity. Surface coverages are calculated from the quantification of the area of the anodic peak of a CV obtained for both reporters at a scan rate of 100 mV/s in Tris buffer (10 mM Tris, 100 mM KCl, 2.5 mM MgCl 2 , 1 mM CaCl 2 , pH 7.6). As can be seen from the graph, the amount of DNA on the surface does not change upon addition of TBP, as quantified with ruthenium hexammine; the only observable difference in coverage is in the DNA-mediated daunomycin signal. Error bars are given for the standard deviation from three replicates for each experimental condition.
We also investigated detection limits of TBP binding at OCT-DNA films through the titration of TBP onto DNA-modified electrodes comprised of both OCT-and thiolmodified DNAs (Figure 2 The electrochemically derived TBP/OCT-DNA binding isotherm could not be fit well to a simple Langmuir thermodynamics model, indicating some form of cooperative TBP binding. We therefore analyzed the data according to the Frumkin-Fowler-Guggenheim (FFG) model, 33, 34, 43, 44 which accounts for lateral interactions on a surface. :
where R is the molar gas constant. [45] [46] [47] The free adsorption energy of the TBP protein on the low-density DNA monolayer is determined to be 42 kJ/mol. This positive free adsorption energy is not uncommon for charged molecules adsorbing onto a charged surface. 34 Fig. 1. 2 Given the anti-cooperative nature of TBP binding observed upon thermodynamic investigations of this protein binding to OCT-DNA monolayers, we also investigated the relative kinetics of TBP binding to these monolayers and to thiolated DNA films.
Rotating disk electrode (RDE) experiments were undertaken to determine the binding kinetics of TBP on both high density thiol-DNA and low-density OCT-DNA monolayers.
RDEs remove diffusion as a factor when determining kinetics of a system. 44, 48 The loss of an electrochemical DM signal upon TBP binding over time therefore reports on the kinetics of protein binding. Because the number of TBP binding sites is fixed, the solution concentration of protein is in large enough excess to be unaffected by the amount of protein bound to the surface, and the rate of TBP diffusion to the surface is removed as a factor, we can analyze the kinetics of TBP binding to the surfaces with a Langmuir kinetics model. As is evident in Figure 2 .13, which shows the decrease in charge determined from the area of the reductive peak plotted as a function of time, the rate of signal decrease for both the high density and ultra low-density monolayers upon TBP binding is almost identical. As is apparent in the figure, the RDEs produce similar overall signal attenuations to stationary electrodes for both types of DMEs. When the data are fit to this Langmuir equation for protein binding kinetics, the k obs for high density monolayers was determined to be 6.1x10 -3 s -1 ; likewise, for the ultra low density monolayers, the k obs was determined to be 6.1x10 -3 s -1 . This indicates that protein binding to DMEs is a fairly slow process. Additionally, the rate of protein binding is unaffected by accessibility; only the amount of signal attenuation is dependent on DNA helix accessibility.
Figure 2.13
Kinetics of TBP binding to DNA-modified electrodes. The kinetics of TBP binding to both OCT-DNA monolayers and high density monolayers are determined electrochemically at a gold rotating disk electrode surface. Electrodes are rotated at 400 rpm, with 2 µM daunomycin in Tris buffer (10 mM Tris, 100 mM KCl, 2.5 mM MgCl 2 , 1 mM CaCl 2 , pH 7.6). TBP (75 nM) is added, and sequential CV scans are obtained at 100 mV/s. The relative DM signal is obtained through the quantification of the anodic CV peak and subsequent normalization to the value obtained for time=0. Curves for highdensity thiol DNA (red) and low density OCT-DNA (blue) monolayers are shown. The data are fit to a Langmuir kinetics model based on exponential decay, which shows that the rates of TBP binding to both types of monolayers are essentially the same. When thermodynamic and kinetic data are evaluated together, a model for TBP binding to DMEs becomes apparent. Based on the repulsive lateral interactions on the surface, the positive value for the free energy of adsorption and the relatively slow rate of TBP binding to both OCT-DNA and thiol-DNA films, TBP likely binds primarily to surface-exposed sequences. This conclusion is further supported by the significantly lower detection limits for the low-density OCT-DNA films as compared to the highdensity thiol-DNA films. The low-density OCT-DNA monolayers have significantly more solution-exposed TBP binding sites than the thiol-DNA monolayers. This model for TBP binding is also consistent with the kinetics that are independent of surface coverage; only exposed sequences are available, and there are relatively fewer of them in tightly-packed films. This model of protein binding supports the utility of OCT-DNA monolayers for biomolecule detection, as the large amount of buffer-exposed helices aids TBP binding to the monolayers.
Conclusions
A novel method of DNA assembly to form DNA-modified surfaces for the electrochemical detection of biomolecules has been developed. The copper-free clickbased strategy described here allows for the formation of low-density, more evenly spaced monolayers, while maintaining surface passivation against the redox reporter.
Both electrochemical and imaging methods have been used to characterize these monolayers. This platform facilitates DNA-mediated CT and is thus extremely sensitive to perturbations in the DNA, providing exquisite electrochemical discrimination between well matched and mismatched DNA duplexes. Additionally, this platform provides greater sensitivity to protein binding events than conventional high-density films due to the larger number of accessible, solution-exposed binding sites. In particular, here, lowdensity films allow for the detection of as little as 4 nM TBP. The enhanced detection with OCT-DNA films adds another sensitive detection tool to the toolbox of electrochemical DNA CT-based detection strategies.
